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ABSTRACT 
Isotope hydrograph separation (IHS) is a valuable tool to study runoff generation processes. 
To perform an IHS, samples of baseflow (pre-event water) and streamflow are taken at the 
catchment outlet. For rainfall (event water) either a bulk sample is collected or it is sampled 
sequentially during the event. For small headwater catchment studies, event water samples 
are usually taken at only one sampling location in or near the catchment because the spatial 
variability in the isotopic composition of rainfall is assumed to be small. However, few 
studies have tested this assumption. In this study, we investigated the spatiotemporal 
variability of the isotopic composition of rainfall and its effects on IHS results using detailed 
measurements from a small pre-alpine headwater catchment in Switzerland. Rainfall was 
sampled sequentially at eight locations across the 4.3 km
2 
Zwäckentobel catchment and 
stream water was collected in three subcatchments (0.15, 0.23, and 0.7 km
2
) during ten 
events. The spatial variability in rainfall amount, average and maximum rainfall intensity and 
the isotopic composition of rainfall was different for each the different event. There was no 
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significant relation between the isotopic composition of rainfall and total rainfall amount, 
rainfall intensity or elevation. For eight of the ten studied events the temporal variability in 
the isotopic composition of rainfall was larger than the spatial variability in the rainfall 
isotopic composition. The isotope hydrograph separation results, using only one rain sampler, 
varied considerably depending on which rain sampler was used to represent the isotopic 
composition of event water. The calculated minimum pre-event water contributions differed 
up to 60 %. The differences were particularly large for events with a large spatial variability 
in the isotopic composition of rainfall and a small difference between the event and pre-event 
water composition. Our results demonstrate that even in small catchments the spatial 
variability in the rainfall isotopic composition can be significant and has to be considered for 
IHS studies. Using data from only one rain sampler can result in significant errors in the 
estimated pre-event water contributions to streamflow. 
1. INTRODUCTION 
Two-component isotope hydrograph separation (IHS) is a well-established method to study 
runoff generation processes (Burns, 2002; Buttle, 1994; Klaus and McDonnell, 2013). IHS 
makes uses of the stable isotopes of water (δ18O and δ2H) as conservative tracers to estimate 
how much rainfall (event water) and water that was stored in the catchment prior to the event 
(pre-event water) contributes to streamflow (Sklash et al., 1976). To be able to perform an 
IHS, a baseflow water sample is collected at the catchment outlet before the start of an event 
(to represent pre-event water) and streamflow samples are collected throughout the event. 
Krupa (2002) and Laquer (1990) list different ways to collect rain water samples. Sampling 
by hand (Hrachowitz et al., 2011; Roa-García and Weiler, 2010), integrated volume samplers 
(James and Roulet, 2009; Lyon et al., 2008; Pellerin et al., 2008; Smith et al., 1979; Vitvar 
and Balderer, 1997) and sequential samples for each volume of rain or at a fixed time step 
(Brown et al., 1999; Jordan, 1994; Kennedy et al., 1986; McDonnell et al., 1990; Penna et al., 
2014) are most common in IHS studies. Field laser spectroscopes that measure the isotopic 
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composition of rainfall directly with a high temporal resolution open new possibilities for 
IHS studies, but are so far rarely used (Berman et al., 2009; Munksgaard et al., 2012; Tweed 
et al., 2016; von Freyberg et al., 2016). 
IHS relies on a number of assumptions, as discussed by Buttle (1994) and Klaus and 
McDonnell (2013). One of the assumptions is that the isotopic signature of event and pre-
event water are significantly different and that both are constant throughout the event, or that 
any spatiotemporal variation can be accounted for. Conventionally, it is assumed that the 
contribution from the vadose zone is negligible, or that the isotopic signature of soil water is 
similar to that of groundwater and that surface storage contributes minimally to the 
streamflow. 
The isotopic composition of rainfall can change significantly during an event. McDonnell et 
al. (1990) highlighted the importance of considering this temporal variation in IHS studies 
and proposed different weighing techniques to account for the temporal variation in the 
isotopic composition of rainfall. Similarly, Laudon et al. (2002) proposed a technique to 
weigh snowmelt to account for the temporal variation in the isotopic composition of 
snowmelt in IHS. Almost all IHS studies now take the temporal variability in the isotopic 
composition of event water into account. Very few studies in small catchments have tested 
the assumption that the isotopic signature of rainfall is spatially uniform and assessed how 
this assumption affects the IHS results. The common practice in IHS studies for small 
headwater catchments (< 10 km
2
) is to sample rain at one location and to assume that the 
effects of spatial variability are negligible for both rainfall (Goodrich et al., 1995) and its 
isotopic composition (McDonnell and Beven, 2014). 
The spatial variability in the isotopic composition of rainfall has been studied for large 
catchments at monthly time scales using data from national (Delavau et al., 2015; Katsuyama 
et al., 2015; Schürch et al., 2003; Seeger and Weiler, 2014; Smith et al., 1979) and global 
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(Araguás-Araguás et al., 2000; Bowen and Good, 2015; Dansgaard, 1964; Hughes and 
Crawford, 2012) monitoring networks. Some of these large scale studies, have shown a 
relations between the isotopic composition of precipitation and elevation (Holko et al., 2012; 
Kern et al., 2014; McGuire and McDonnell, 2008; Tappa et al., 2016), temperature 
(Dansgaard, 1964; Holko et al., 2012; Schürch et al., 2003; Tappa et al., 2016) or rainfall 
amount (Dansgaard, 1964) were observed. Contrary, Holko et al. (2012) and Schürch et al. 
(2003) did not observe an amount effect using distributed rain samplers in Slovakia and 
Switzerland respectively.  
The isotopic composition of the rainfall is also affected by canopy interception (Kato et al., 
2013; Xu et al., 2014). Detailed studies on small scale spatial variability in the isotopic 
composition of throughfall, have shown a substantial spatiotemporal variability in the 
isotopic composition of throughfall at both the plot (Allen et al., 2015) and catchment scale 
(James and Roulet, 2009). 
Only a few studies have looked at the spatial variability in the isotopic composition of rainfall 
during individual events at the small catchment scale (Lyon et al., 2009; McGuire et al., 
2005). McGuire et al. (2005) quantified the spatial variability in the isotopic composition of 
rainfall across the 62 km
2
 H. J. Andrews Lookout Creek catchment for three events in fall 
2002 using 38 bulk samplers and observed significant spatial differences and an elevation 
effect. Lyon et al. (2009) used two sequential rain sampler locations (two bulk samplers and 
one incremental sampler) to assess the influence of the spatial and temporal variability in the 
isotopic composition of rainfall on the calculated pre-event water contribution to streamflow 
for one event in the 8.8 km
2
 Upper Sabino research catchment in Arizona. They observed 
small differences in the isotopic composition of the incremental weighted rainfall and the 
bulk rainfall sample, but substantial differences between the two rainfall locations (Lyon et 
al., 2009). These results show that the spatial variability in the isotopic composition of 
rainfall may significantly affect hydrograph separation results and that this effect should be 
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studied in more detail. Therefore, we investigated the spatiotemporal variability in the 
isotopic composition of rainfall across a headwater catchment in Switzerland and determined 
the effect of the location of the rain sampler on IHS results for three tributary streams. 
Rainfall was measured and sampled at eight locations across the 4.3 km
2
 Zwäckentobel 
catchment at 5 mm intervals and streamflow was sampled in three 0.15-0.7 km
2 
tributary 
streams for ten different events. Here, we use these data to address the following questions: 
(1) What is the spatial variability in rainfall and its isotopic composition across a small pre-
alpine headwater catchment at the event time scale and is this variability related to total 
rainfall amount, rainfall intensity or elevation? 
(2) Does the choice of the location of the sequential rainfall sampler affect the isotope 
hydrograph separation results, and if so, does this effect depend on event size? 
2. METHODS 
2.1 Study area 
The Zwäckentobel catchment is a 4.3 km
2
 pre-alpine headwater catchment, located 40 km 
south of Zurich in Switzerland (Figure 1). The climate is humid with a mean annual 
temperature of 6
°
C. The mean annual precipitation is 2300 mm y
-1
, of which half falls during 
the snow-free season (Jun-Oct). It rains approximately every second day. The mean annual 
actual evaporation is 300-400 mm y
-1 
(Menzel et al., 2007). 
<Figure 1 here please> 
Ten perennial streams drain the Zwäckentobel catchment (Figure 1a), of which WS04 
(Erlenbach catchment; 0.7 km
2
), WS10 (0.23 km
2
) and WS19 (0.15 km
2
) have been the 
subject of several previous studies (Fischer et al., 2016, 2015; Hegg et al., 2006; Rinderer et 
al., 2014). These mountain streams respond quickly to rainfall and baseflow levels are usually 
reached again within a day. 
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The geology of the Zwäckentobel catchment is composed of three different types of Tertiary 
flysch that consist of calcareous sedimentary layers of schist, marl and sandstone and is 
covered by shallow creeping gleysols (0.5-2.5 m). Land cover consists of forest (54 %), 
partly forested meadows (21 %) and meadows (24 %) (Fischer et al., 2015). All land cover 
types contain wetlands, covering approximately a quarter to half of the different 
subcatchments area. 
2.2 Instrumentation and event sampling 
We used the dataset of Fischer et al. (2016), who collected hydrometric and stable isotope 
data in subcatchments WS04, WS10, and WS19 for 13 rainfall events during the snow free 
period (Jun-Oct) of 2010 and 2011. An event was defined as a period with more than 0.2 mm 
h
-1 
of precipitation that resulted in an increase in stream water level of more than 0.01 m (a 
rainfall period occurring before the stream water level had returned to baseflow conditions 
was considered to be part of the same event). Three events from the Fischer et al. (2016) 
dataset were excluded from the analyses due to malfunctioning of some of the rain samplers 
and, thus, only data from ten events (numbered 1 to 6 and 9 to 12) were used for analysis in 
this study (Table 1, 2 and 3). 
<Table 1 here please> 
Rainfall was measured at 14 locations in open fields using tipping bucket rain gauges 
installed at 1.5 m above ground level. The rain gauges and were located on different transects 
and across different elevation classes (Figure 1a). Two of the rain gauges were situated in 
WS04 (WG-01; Ott Pluvio, OTT Hydrometrie AG, Switzerland and TB-14; Joss-Tognini 
tipping bucket, Lamprecht meteo, Germany, 0.2 mm per tip with the total number of tips 
recorded every 10 minutes). The other 12 rain gauges were distributed across the 
Zwäckentobel (Davis II tipping bucket; Davis Instruments Corp., USA with Odyssey data 
logger; Dataflow Systems, New Zealand, 0.2 mm per tip with the total number of tips 
recorded every 5 minutes). The differences between the different tipping buckets (assessed by 
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checking the tipping buckets in the field at the beginning and end of the summer season 
2011) was less than 5 %. Wind also induces an under-catch of rainfall, which depends on the 
rainfall intensity and wind speed (Nešpor and Sevruk, 1999). Wind speed data was only 
available at WG-01 (Figure 1a), and therefore we could not correct the rainfall data for wind 
induced errors. 
Eight rain gauges were equipped with a sequential rain sampler, which was adapted after 
Kennedy et al. (1979). The rain water was collected from the tipping bucket using two 
funnels and routed through a tube into the sampler, which containing twelve 100 ml glass jars 
(each representing 5 mm of rainfall). The sampling design was restricted by logistics because 
all samples needed to be collected within one day to avoid fractionation. Therefore, 
sequential rain samplers were not installed in the upper parts of WS04 and WS10 (Figure 1a). 
<Table 2 here please> 
The stream water level was measured at the outlets of WS04, WS10 and WS19. Discharge 
was measured at the outlet of WS04. Before each event, a baseflow grab sample was taken 
from each stream to characterize the pre-event water composition. Automatic samplers (ISCO 
6712 with twenty-four 1 L-bottles and a Liquid Level Actuator, Teledyne Isco, USA) were 
used to collect stream water samples during the events. The automatic samplers were 
programmed so that once the stream water level rose by more than 0.01 m, six samples were 
collected at a 10 minutes time interval (generally representing the rising limb), and another 
18 samples were collected every 60 minutes afterwards (Fischer et al., 2016). The number of 
samples for stable isotope analysis differed for each stream and event and ranged from 7 
samples for short events up to 54 samples for long events (Table 3). 
All water samples were analyzed at the stable isotope laboratory of the Department of 
Geography at the University of Zurich using a Cavity Ring-Down Spectroscope-Picarro 
L1102-i Liquid Analyzer (1
st
 generation analyzer, Picarro Inc., 2008), following the 
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procedure of Penna et al. (2010). All stable isotope values are reported as δ-values in per mill 
(‰) relative to Vienna Standard Mean Ocean Water (VSMOW). The precision for the 
isotope analyses was < 0.1 ‰ for δ18O, and generally < 0.5 ‰ for δ2H. However, due to 
technical issues, the precision for δ2H was > 1 ‰ for some of the samples, therefore only the 
δ18O data were used for IHS analysis in this study. Based on the δ2H and δ18O values it can 
be assumed that none of the samples were subject to significant fractionation (Fischer et al., 
2016). 
<Table 3 here please> 
2.3  Spatiotemporal variability in rainfall and its isotopic composition 
For each event and each rainfall sampler, the rainfall data (mm 5 min
-1
 and mm 10 min
-1
) 
were aggregated from the start of the event to the end of the event and for one hour to obtain 
event total rainfall and the 1-hour average rainfall intensity, respectively. Because the rainfall 
samplers were connected to the tipping buckets it was possible to assign the filling time for 
each 5 mm of rainfall. The median time it took for this 5 mm of precipitation to fall was 65 
minutes (the 25
th
 and 75
th
 percentile were 30 and 130 minutes, respectively). For events 3, 4, 
5 and 11, rainfall started at the same time at all of the rain gauges, while for events 1 and 6 
there was more than one hour difference in the onset of the rainfall at the different rain 
gauges (Table 1). As the rainfall varied across the catchment, the actual time period over 
which each individual sample was collected (and thus the time over which the isotopic 
composition of rainfall was averaged) varied. The median difference in the start or end time 
of filling was 7.5 minutes (the 25
th
 and 75
th
 percentile were 0 and 20 minutes respectively). 
This difference in the timing for each sample was considered to be relatively small (compared 
to the 10-70 hour event length and median collection time of 65 min) and assumed to have 
only a minor effect on the observed spatial differences in the isotopic composition of rainfall 
during events. 
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To determine which rain gauge was most representative for the Zwäckentobel catchment, we 
calculated the mean relative difference (MRD) for event total rainfall using the method of 
Vachaud et al. (1985): 
 


n
1
,1
i
i
iij
RD P j 
P
PP
n
M  (1) 
where 
RD P j M  is the Mean Relative Difference for rain gauge j,      is the rainfall measured at 
rain gauge j for event i,     is the mean rainfall for all rain gauges for event i, and n is the total 
number of events (n = 10). The mean relative difference of the event weighted mean isotopic 
composition of rainfall (
O j RD 
M 18 ) was calculated similarly. 
To determine the origin of the air masses for the different rainfall events, a 96-h back 
trajectory analysis was performed using the hybrid single particle Lagrangian integrated 
trajectory model (HYSPLIT, Draxler and Rolph, 2012), with a calculation at an altitude 2000 
meter above ground level. 
2.4 Spatiotemporal variability in event water composition on hydrograph separation results 
A two-component isotope hydrograph separation (IHS) was used to quantify the fraction of 
pre-event water     (Eq. 2 and 3) in streamflow (Sklash et al., 1976) for the ten rainfall-
runoff events. 
PEES QQQ   (2) 
EPE
ES
PE
CC
CC
f



 (3) 
where C describes the stable isotope composition [‰], Q the streamflow [l s-1] and the 
subscripts S, PE and E represent streamflow, pre-event water (baseflow prior to the event) 
and event water (rainfall) respectively. The different temporal weighing techniques described 
by McDonnell et al. (1990) were used to account for the temporal variability in the event 
water composition: (I) weighted mean, (II) intensity mean, (III) incremental mean and (IV) 
  
Spatial variability in rainfall isotopic composition and IHS 
 10 
incremental intensity mean. For both the weighted mean (I) and the incremental weighted 
mean (III) the value of CE was computed from the isotope values, δk [‰], observed at the k
th
 
sample during the event, weighted by the precipitation amount, Pk [mm] (Eq.4). 




m
k k
m
k kk
E
P
P
C
1
1

 (4) 
The intensity mean (II) and the incremental intensity mean (IV) were computed similarly 
based on the rainfall intensity, Ik [mm h
-1
] (Eq. 5). For the weighted mean all samples 
throughout the event were considered but for the incremental weighted mean only the 
samples until the respective time during the event were included in the computation. 




m
k k
m
k kk
E
I
I
C
1
1

 (5) 
The focus of this study was not on the differences in the pre-event water contributions to 
streamflow due to the choice of the temporal weighing technique, as these have already been 
demonstrated (McDonnell et al., 1990). Instead, we use the different temporal weighing 
techniques to for comparison of the differences in the IHS results resulting from the spatial 
variability in the rainfall isotope composition to this well-known effect. 
The effect of the different rain sampling locations on the IHS results was assessed by 
determining the pre-event water fractions in streamflow for WS04, WS10 and WS19 based 
on the incremental intensity mean (technique IV) for each of the eight rain samplers. While 
only a few of the rain samplers were located inside WS04, WS10 or WS19, we determined 
the pre-event water fractions for each of the rainfall sampling locations because it is common 
in small catchment studies to collect rainfall samples from a location near the catchment (e.g. 
in a nearby clearing). The uncertainty estimates of the pre-event water contributions to 
streamflow calculated with the incremental intensity mean (IV) were determined based on the 
method of Genereux (1998) and are given in Fischer et al. (2016). 
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3. RESULTS 
3.1 Spatial variability in event total rainfall, rainfall intensity and the event weighted mean 
isotopic composition of rainfall 
The spatial variability in event total rainfall, maximum rainfall intensity and weighted mean 
δ18O of rainfall varied from event to event (Table 1 and 2, Figure 2). Events 3 and 5 had the 
highest event total rainfall and were characterized by large spatial differences in event total 
rainfall and maximum rainfall intensity (Figure 2c and e). The weighted mean δ18O of rainfall 
for these events was only available for four rain samplers in the lower elevations because the 
rain changed to snow after peak discharge in the higher elevations zone was reached. Events 
9 and 11 were smaller but were also characterized by a relatively large variability in event 
total rainfall (Figure 2g and i). The weighted mean δ18O varied between -4.83 and -4. 25 ‰ 
for event 9 and between -9.06 and -7.35 ‰ for event 11 (Table 2, Figure 2g and 2i). Events 1, 
6, 10 and 12 had smaller spatial differences in event total rainfall (coefficients of variation 
smaller than 0.1 and a range in event total rainfall smaller than 6 mm) and maximum rainfall 
intensities (Figure 2a, f, h and j). The differences between the minimum and maximum 
weighted mean δ18O (i.e. the spatial range of the weighted mean δ18O; SR) were 0.34, 0.88, 
0.57, and 3.6 ‰ for events 1, 6, 10 and 12 respectively (Table 2, Figure 2a, f, h and j). For the 
smallest events (events 2 and 4), the range in event total rainfall was small (< 4 mm) but the 
range in the weighted mean δ18O of rainfall (SR) was 1.3 ‰ (Table 2, Figure 2b and d). 
< Figures 2 and 3 here please > 
The air masses for the investigated rainfall events originated from the North Atlantic Ocean 
and the Mediterranean (Table 1, Figure 3a and 3b). The majority of the collected rainfall 
samples fell on or just above the global meteoric water line (GMWL) (Figure 3c). The first 
samples of event 9 were slightly enriched in δ18O and did not plot on the GMWL, indicating 
a potential below cloud evaporation effect. 
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Rain gauge TB-11 had a P RD M  close to zero, which means that this was the most 
representative location for event total rainfall in the Zwäckentobel catchment (Figure 2k). 
Rain gauges TB-11 and TB-12 had a 
O  RD 
M 18 close to zero and were thus the most 
representative locations for the weighted mean δ18O (Figure 2l). These results suggest that 
TB-11 can be considered the most representative measurement location for the entire 
Zwäckentobel catchment. However, the relative difference in δ18O varied between -0.08 and 
0.04 ‰ for TB-11 and between -0.09 and 0.12 ‰ for TB-12 for the different rain events, 
suggesting that these representative samplers may not be representative for all events. 
The Pearson correlation coefficient was calculated for the relations between total rainfall, 
maximum rainfall intensity and elevation to examine whether the patterns in event total 
rainfall or maximum rainfall intensity were related to elevation. For event 4, 5 and 9, total 
rainfall was correlated (r = 0.95, 0.95 and 0.87 respectively) with rainfall intensity (Figure 4 
and Table 4) but there was no significant correlation (p < 0.05) between event total rainfall, 
the maximum rainfall intensity or elevation for any of the other events (Figure 4 and Table 
4). The weighted mean δ18O of rainfall and was correlated with event total rainfall for event 
12 (r = 0.85) and with maximum rainfall intensity for event 2 (r = 0.81; Figure 4 and Table 
4). For the other events there was no significant correlation between the weighted mean δ18O 
and event total rainfall or maximum rainfall intensity. The weighted mean δ18O of rainfall 
was strongly negatively correlated to elevation for event 1, 2 and 12 (r ≈ -0.84; Figure 4 and 
Table 4). Analyzing the weighted mean δ18O of the rain samplers along the two main 
transects (T1 or T2, Figure 1b) or for two elevation classes (below and above 1350 m a.s.l.) 
resulted in statistically significant correlations between the weighted mean δ18O of rainfall 
and event total rainfall, maximum rainfall intensity or elevation for some events (Table 4). 
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<Table 4 here please> 
<Figure 4 here please> 
The difference between the maximum and minimum weighted mean δ18O for the different 
sampling locations (i.e. the spatial range of the weighted mean δ18O; SR) increased slightly 
with increasing event total rainfall (up to 2.7 ‰) but was very variable for the large events 
(Figure 5). There was no statistical significant relation between the spatial range of the 
weighted mean δ18O and the maximum rainfall intensity or event duration (Figure 5). 
< Figure 5 here please > 
3.2 Temporal variability in rainfall and its isotopic composition 
Rainfall became more depleted in δ18O during the events but the exact temporal pattern 
differed between the events (Figure 6). For events 2, 4 and 9, the δ18O decreased by 1-2 ‰ 
from onset of rainfall towards the end of the events, for events 1, 6, 10 and 12, δ18O 
decreased by 2-8 ‰, while for events 3, 5 and 11 it decreased by 4-11 ‰. The decrease in 
δ18O was more variable for events 3, 5 and 11 than for events 2, 4 and 9, with sudden 
increases or decreases in δ18O during the event. The mean of the difference maximum and 
minimum δ18O measured during an event for the different rain samplers (i.e., mean temporal 
range in δ18O; MTR) increased with increasing event total rainfall from 1 to 10 ‰ (Figure 5). 
There was no clear relation between the mean temporal range in δ18O and the maximum 
rainfall intensity or event duration (Figure 5). 
< Figure 6 here please > 
The change in δ18O of rainfall during the rainfall events was relatively similar for all eight 
sampling locations but there were differences between the different rain samplers (Figure 6). 
The spatial variability in δ18O was relatively large during the first 5 mm of rainfall, with a 
standard deviation of 0.5-1.5 ‰ (Figure 7). The variability of the sampled δ18O between the 
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different rain samplers decreased during the event for events 1, 2, 4, 6, 9 and 10 but increased 
throughout the event for events 3, 5, 11 and 12 (Figure 7). 
< Figure 7 here please > 
Comparing the mean temporal range in δ18O (i.e. the difference between the event maximum 
and minimum δ18O measured at the different rain samplers, MTR) with the spatial range in the 
weighted mean δ18O (i.e. the difference between the maximum and minimum weighted mean 
δ18O for the different sampling locations, SR) for the different events shows that for most 
events the temporal variability in δ18O during the event was larger than the spatial variability 
in the weighted mean δ18O (Figure 8). However, for the small events, the spatial variability in 
δ18O was equal or half of the temporal variability in δ18O (Figure 8). For the large events, the 
temporal range in δ18O was larger than the spatial variability (Figure 8). The ratio of MTR and 
SR did not depend on the maximum rainfall intensity or the duration of the event (Figure 8). 
< Figure 8 here please > 
3.3 Effect of different temporal weighing techniques on isotope hydrograph separation results 
The effect of the different weighing techniques to account for the temporal variability in the 
isotopic composition of rainfall (techniques I-IV) on the minimum pre-event water 
contribution to streamflow was analyzed for WS04, WS10 and WS19 for all events. For 
events 2, 9 and 10 the differences in the calculated minimum fractions of pre-event water 
between the four different temporal weighting techniques were small (≤ 0.1) but for the other 
events the differences in the minimum fractions of pre-event water were larger than 0.4 
(Figure 9). For small and moderate events with a small difference between the event 
maximum and minimum δ18O (small MTR) and a large difference between the isotopic 
composition of event and pre-event water, the different weighing techniques had a small 
effect on the calculated minimum fraction of pre-event water in streamflow in WS04, WS10 
and WS19 (Figure 11). The differences in the calculated minimum fraction of pre-event water 
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to streamflow increased when the variability in the isotopic composition of the rainfall during 
the event increased (increasing MTR) and when the differences between the event and pre-
event water composition decreased. For example, the use of the weighted mean and intensity 
mean (I and II) resulted in a very depleted event water composition for event 3, which 
resulted in large calculated pre-event water contributions (Figure 10). For the incremental 
mean and the incremental intensity mean (III and IV), the event water composition became 
more depleted throughout the event and the differences in the isotopic composition of event 
water, pre-event water and stream water composition were smaller, which resulted in smaller 
calculated pre-event water contributions to streamflow (Figure 10). The opposite effect was 
seen for the medium sized event 11. The weighted mean and intensity mean (I and II) 
resulted in a more depleted event water composition and a smaller difference between event 
water, pre-event water and stream water during the event, resulting in a much smaller pre-
event water contribution than for the incremental mean and incremental intensity mean (III 
and IV, Figure 10). 
< Figure 9 here please > 
3.4 Effect of the location of the rain sampler on hydrograph separation results 
For some events the minimum fraction of pre-event water was highly dependent on which 
rain sampler was used to characterize the event water, while this choice was less important 
for other events. (Figure 9). For example, for events 3 and 11 in WS04 the calculated pre-
event fractions for the different rain samplers differed by up to 0.6 and 0.7, respectively 
(Figure 10) but for event 2 the differences in the pre-event water fractions were less than 0.1 
(Figure 10). Generally, the range in the calculated minimum fraction of pre-event water was 
small (up to <0.2) for events for which the spatial variability in δ18O in rainfall was small 
(small SR) and the difference between event and pre-event water composition was large 
(Figure 11). The range in the calculated minimum fraction of pre-event water in streamflow 
was large (up to 0.6) for events with a large spatial variability in the isotopic composition of 
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rainfall and a small difference in the isotopic composition of event water and pre-event water 
(Figure 11). These differences in the pre-event water contributions to streamflow due the 
spatial variability of the isotopic composition of rainfall were larger than the spatial 
uncertainty of baseflow (Fischer et al., 2015) and the uncertainty in the hydrograph 
separation estimated by Fischer et al. (2016). 
The choice of which rain sampler was used also determined whether IHS was possible or not. 
For event 3, the use of the rain sampler in the southern part of the Zwäckentobel catchment 
prevented the application of IHS in WS04. For other events, (e.g., event 6 in WS04), IHS was 
not possible when the local rain sampler was used but was possible when using neighboring 
rain samplers. 
< Figure 10 here please > 
To assess the relative importance of the spatial variability in the isotopic composition of 
rainfall on the IHS results, we compared the range in the calculated minimum fraction of pre-
event water due to the choice of the location of the rain sampler to the range in the calculated 
minimum pre-event water composition due the different weighing techniques to account for 
the temporal variability in the isotopic composition of rainfall. For many of the small and 
moderate events the range in the minimum fraction of pre-event water due to the location of 
the different rain samplers was larger or equal to the range in the minimum fraction of pre-
event water due to the use of different temporal weighing techniques (Figure 11). For large 
events, the change in δ18O during the event was generally large (large MTR) compared to the 
spatial variability in the isotopic composition of rainfall. This is reflected in the range in the 
minimum pre-event water contributions to streamflow. For example for event 5, the range in 
the calculated minimum fraction of pre-event water for the different sampling locations was 
one third of the range in the minimum pre-event water contribution to streamflow obtained 
from the different temporal weighing techniques. This suggests that even for large events for 
which the temporal variability in the isotopic composition is large compared to the spatial 
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variability, the spatial variability in the isotopic composition of rainfall still has a significant 
effect on the IHS results. 
< Figure 11 here please > 
4. DISCUSSION 
4.1 Spatiotemporal variability in rainfall and rainfall isotopic composition  
The observed spatial differences in total rainfall amount and the isotopic composition of 
rainfall were large, with differences in event total rainfall amount of 5 mm to more than 30 
mm and differences in the weighted mean δ18O of rainfall of 0.3 ‰ to more than 2 ‰ over 
distances of only 250 meter. These differences in rainfall amount and the weighted mean 
δ18O of rainfall were larger than the uncertainty in the measured rainfall amounts (< 5 % error 
for the rain gauges), the precision of the isotope analysis (δ18O < 0.1 ‰) and the observed 
variability in the isotopic composition of pre-event water (< 0.5 ‰ for δ18O; Fischer et al., 
2015). The observed spatial variability in the isotopic composition of rainfall of the 
Zwäckentobel catchment was smaller than the 7 ‰ difference in δ18O of precipitation 
measured by McGuire et al. (2005) for Lookout Creek. However, this is not surprising 
considering that the Zwäckentobel catchment is 100 times smaller than Lookout creek and 
the elevation differences in the Zwäckentobel catchment (1084-1656 m a.s.l.) are also smaller 
than those in the Lookout Creek (428-1620 m a.s.l.). Even though the isotopic composition of 
the rainfall was not correlated to elevation or rainfall amount for most events and varied over 
short distances, the observed variability across the entire Zwäckentobel catchment (maximum 
elevation difference of 600 m) was within the range of what can be expected based on a 
typical change in δ18O of -0.2 ‰ per 100 m elevation or -2 ‰ per 100 mm of precipitation 
(Dansgaard, 1964; Holko et al., 2012; Kern et al., 2014), which lead to a difference in the 
isotopic composition of rainfall of ≈ 1 ‰. The lack of a clear relation between the isotopic 
composition of rainfall for the individual events and rainfall amount or elevation is contrary 
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to studies that attributed the spatial variability of the isotopic composition of rainfall to the 
amount effect (Dansgaard, 1964; Tappa et al., 2016) or elevation effect (Holko et al., 2012; 
Kern et al., 2014), and the event based measurements of McGuire et al. (2005) but was also 
described by Kennedy et al. (1986) for a 620 km
2 
catchment in California. 
The surrounding mountains and the complex topography of the study area (Figure 3b) affect 
the local atmospheric circulation. Even if the air masses of an event had a westerly trajectory, 
they could approach the catchment from the east, such as in event 2 (Figure 2b and Figure 
3a). For longer events (such as events 3 and 5) the wind direction changed during the event. 
Mountains can influence rainfall formation (Roe, 2005) by rainfall enhancement or shading 
effects (Schäppi, 2013; Sevruk and Mieglitz, 2002), resulting in an absence of an amount 
effect or elevation effect in the isotopic composition of precipitation (Friedman and Smith, 
1970). Therefore, it is likely that the interaction of atmospheric circulation and topography 
resulted in the heterogeneous pattern of rainfall amount and its isotopic composition at the 
event scale and are likely partly responsible for the lack of an amount effect or elevation 
effect for the isotopic composition of rainfall, even when events with a similar wind direction 
(events 6 and 9, events 4 and 10 and events 3 and 12, Table 4) were analyzed together. 
Rainfall data were not corrected for potential systematic errors. However, typical wind 
induced errors for the observed wind speeds (2-8 %; Nešpor and Sevruk, 1999) are similar to 
the tipping bucket volume error and smaller than the observed differences in rainfall amount 
and intensities. Canopy interception can also alter the isotopic composition of rainfall. 
Differences between rainfall and the throughfall, e.g. up to 2 ‰ as were observed by Kato et 
al. (2013) in throughfall collected in a 100 m
2
 forest plot compared to rain water collected in 
the open field in eastern Japan during a single rainfall event. The spatial variability in the 
isotopic composition of the rainfall sampled only in the open fields in the Zwäckentobel is 
comparable to the spatial variation in the isotopic composition of throughfall observed in a 60 
m
2
 plot in the H.J. Andrews Experimental Forest by Allen et al. (2015). 
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The number of rain samplers in the Zwäckentobel catchment study was smaller than the 38 
bulk samplers used by McGuire et al. (2005) and those used in large scale (long term) studies 
(Schürch et al., 2003; Seeger and Weiler, 2014; Smith et al., 1979), but in terms of station 
density (three times larger than e.g., McGuire et al., 2005) and temporal resolution our study 
provided more detailed observations. We, therefore, argue that the added value of our study 
lies in the detailed information of the small-scale spatiotemporal variability in rainfall and the 
δ18O of rainfall at the event scale. This variable pattern in the isotopic composition of rainfall 
suggests that the spatial variability has to be characterized for each event separately and that 
interpolation based on relationships with rainfall amount or elevation, particularly those that 
are based on only two gauges (e.g., Lyon et al., 2009)  should be used carefully. 
The sequential rain samplers also gave information about the spatial variability in the 
temporal changes in the isotopic composition of rainfall during the events. Rainfall became 
more depleted throughout the events (Figure 5), as observed by many other rainfall isotope 
studies (e.g. Berman et al., 2009; Lyon et al., 2009; McDonnell et al., 1990; Penna et al., 
2014). Some of the individual events had a range in δ18O and δ2H as that is comparable to the 
long term monthly GNIP data from the nearest station (Bern or Grimsel, ≈ 60 km away), e.g. 
events event 2 and 3 (δ18O, -20 to -2 ‰) and a comparable range as the Swiss National 
Network for the Observation of Isotopes in the Water Cycle (NISOT, 1994-2001: δ18O, -20 to 
-2 ‰; Schürch et al., 2003). Munksgaard et al. (2012) similarly, observed that the temporal 
range in the isotopic composition of rainfall during an event can be as large as the range in 
the monthly mean isotopic composition of rainfall. The temporal variability in the isotopic 
composition of rainfall generally increased with total rainfall amount and event duration but 
was not correlated with rainfall intensity. The spatial variability in the isotopic composition 
of rainfall was relatively large during the first 5 mm of rainfall and then either decreased 
during the event or increased throughout the event (Figures 4 and 6), suggesting that a large 
part of the spatial variability was due to the differences in the first rainfall and that the 
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isotopic composition of the rainfall could either become more similar or more different 
throughout the event. For large events, such as event 3, the differences in δ18O between the 
different rain samplers (as represented by the standard deviation) varied throughout the event 
largely due to rain bursts (i.e. it increased and decreased with increasing total rainfall; Figure 
7). 
4.2 Consequence of the spatiotemporal variability in event water composition on hydrograph 
separation results 
Presently (i.e., 2016), it is common to sample rainfall throughout an event to be able to 
account for the temporal variation in the isotopic composition of the rainfall in IHS. This was 
confirmed for the Zwäckentobel catchment, where, especially for large and long events with 
occasional rain bursts, the use of the weighted mean and weighted intensity mean (i.e. 
inclusion of the isotopic composition of rainfall which had not yet fallen) resulted in a large 
error in IHS results. The development of field laser spectroscopes (Berman et al., 2009; von 
Freyberg et al., 2016) made a leap and makes it easier to better characterize the temporal 
variability in the isotopic composition of rainfall (and streamflow). However, it is still 
uncommon to sample rainfall at multiple locations in small catchment studies. Especially 
since Lyon et al. (2009) showed, using two different sampling locations for one event, that 
the calculated fractions of pre-event water in streamflow were very different for the two 
samplers. The eight sequential rain samplers used for the ten different events analyzed in this 
study gave a more detailed insight into the influence of the spatiotemporal variability in the 
isotopic composition of rainfall on the IHS results. The results of this study show that it is not 
only necessary to account for the temporal variability in the isotopic composition of rainfall 
to have robust IHS results, but that it is also necessary to account for the spatial variability in 
the isotopic composition of rainfall. The range in the calculated minimum fraction of pre-
event water was small for small events, largely because of the small spatial variability in the 
isotopic composition of rainfall for these events (Figure 11). For events with a larger spatial 
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variability in the isotopic composition of the rainfall, the variability in the minimum fraction 
of pre-event water was large. The effect of the spatial variability in the isotopic composition 
of rainfall was particularly large for events for which the differences between the event water 
and pre-event water composition were small. 
The IHS calculations using the data from several rain samplers allowed quantifying the 
uncertainty in the IHS results due to the spatial variability in the rainfall. For the majority of 
the studied events the variability on the computed minimum pre-event water fractions 
originating from using data from different rain samplers was up to three times larger than the 
variability originating from using different weighing techniques. In other words, the potential 
error by not accounting for temporal variation was clearly smaller than the potential error by 
not accounting for spatial variation. To minimize the error caused by the spatial variability in 
the isotopic composition of rainfall on IHS results, one could use the most representative rain 
sampler in the catchment (TB-11). Even though the differences in the minimum pre-event 
water fractions calculated based on the most representative rain gauge and those of WG-01 
were relatively small for most events (difference fpe < 10 %), they could be larger than 20 % 
during the event; Figure 9). To better account for the spatial variability of the isotopic 
composition of the rainfall, the weighted average isotopic composition of rainfall across the 
catchment can be used (e.g. Thiessen polygons or if the data allows more advanced 
geostatistical methods). Due to equipment failure, it was only possible to determine the 
average isotopic composition of the rainfall for the three sub-catchments for some of the 
small events for which the spatial variability in the isotopic composition of the rainfall was 
generally small and the effect of the spatial variability on the IHS results was also small. 
Therefore we could not test the effect of different weighing and interpolation methods on the 
calculated minimum pre-event water contributions to streamflow and this thus remains a 
subject for future research. Nevertheless, the results stress that the IHS assumption that the 
isotope signature of event water is constant in space (Buttle, 1994; Klaus and McDonnell, 
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2013) cannot be assumed to be always valid. It is, thus, necessary to sample rainfall at 
different locations, even in small headwater catchments for each event, to obtain reliable 
results on the event water contributions to catchment runoff. This is particularly necessary 
when IHS results for different events or different catchments are compared, as the minimum 
pre-event water contributions may be significantly influenced by the spatiotemporal isotopic 
composition of the rainfall. 
CONCLUSIONS 
Most IHS studies in small headwater catchments characterize the temporal variability in the 
isotopic composition of rainfall but ignore the spatial variability in precipitation and its 
isotopic composition across the catchment. We observed that for some events, the spatial 
variability in the isotopic composition of rainfall was almost as large as the temporal 
variability in the isotopic composition of rainfall and varied from event to event. For most 
events there was no relation between the isotopic composition of rainfall and total rainfall 
amount, rainfall intensity or elevation. This means that it is not possible to estimate the 
isotopic composition of the rainfall across the catchment for an event based on information 
on topography or rainfall amount. The observed spatial variability in the isotopic composition 
of rainfall significantly influenced the IHS results, particularly for events for which the 
spatial variability in the isotopic composition of rainfall was large and the difference between 
the event and pre-event water composition was small. The differences in the calculated 
minimum pre-event water contribution to streamflow based on data from the different rain 
samplers were as large as 60 %. This suggests that multiple rain samplers should be used to 
characterize the isotopic composition of event water when performing event-based IHS in the 
sub-catchments of Zwäckentobel at event time scale, and likely also for other small 
headwater catchments. 
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TABLES 
Table 1 Hydrometeorological characteristics of the different sampled events: Difference in time of the initiation of  
rainfall initation betweenfor the first and last rain gauge to respond (Pstart diff), and mean event duration 
(Plength), mean total rainfall (Ptot.), mean averagehourly rainfall intensity (I), the mean maximum hourly 
rainfall intensity (Imax) for all rain gauges, as well as the mean wind speed at WG-01 (UW) and the maximum 
specific discharge at WS04 (Qpeak). The standard deviations are given in parentheses.  
event nr. 1 2 3 4 5 6 9 10 11 12 
year 2010    2011      
day-month 8 Sep 17 Sep 24 Sep 4 Oct 29 Jun 8 Jul 24 Aug 27 Aug 4 Sep 18 Sep 
Pstart diff [h] 1.8  0.2 0 0 0 1.3 0.1 0.3 0 0.6 
Plength [h] 10 (0.15) 8 (0.5) 70 (1.1) 10 (0.2) 23 (1) 11 (0.8) 2 (0.7) 19 (.15) 24 (0.14) 11 (0.13) 
Ptot.  [mm] 22 (2.6) 11 (1.4) 109 (16) 10 (1) 84 (19) 25 (1.5) 12 (2) 20 (1) 51 (11) 25 (2) 
I [mm h-1] 2.2(0.3) 1.3 (0.2) 1.5 (0.2) 0.9 (0.1) 3.6 (0.9) 2.5 (0.2) 6.0 (1) 1.0 (0.1) 1.9 (0.4) 1.6 (0.2) 
Imax [mm h
-1] 4.5 (0.6) 2.3 (0.3) 7.6 (1.1) 2.4 (0.4) 18 (8.4) 9.0 (0.9) 10.0 (3) 7.3 (0.7) 7.0 (1.4) 6.0 (1.4) 
UW [m s
-1] 1.6 (0.6) 0.9 (0.4) 1.3 (0.7) 3.2 (1.3) 1.3 (0.6) 1.6 (0.6) 0.7 (0.6) 1.9 (0.6) 0.7 (0.6) 1.2 (0.6) 
Qpeak [l s
-1 km-2] 353 106 1010 53 3004 390 86 334 589 504 
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Table 2 The number of samples (m), the maximum, mean and minimum δ18O [‰] for the different rain samplers 
(rows) and the different events (columns), as well as the the number of rain sampling locations for which 
rainfall was collected throughout the entire event (nRG), the slope (a) and intercept (b) of the linear relation 
between δ18O and δ2H (see figure 3c), the mean of the difference between the event maximum and minimum 
δ18O measured at the different rain samplers (MTR) and the difference between the maximum and minimum 
weighted mean δ18O of rainfall for the different sampling locations (SR) for each event. Differences in total 
rainfall resulted in different number of samples (m) for each sampling location and event. 
event nr. 1 2 3 4 5 6 9 10 11 12 
n RG 
 
7 
 
8 
 
4 
 
8 
 
4 
 
8 
 
6 
 
6 
 
6 
 
6 
 
WG-01 m  4 25 2 11 4 4 5 11 4 
max 
mean 
min  
range 
 -4.60 
-5.35 
-6.63 
2.03 
-8.39 
-13.38 
-16.41 
8.02 
-7.82 
-8.17 
-8.53 
0.72 
-4.61 
-6.68 
-9.35 
4.74 
-6.89 
-7.91 
-8.95 
2.07 
-2.90 
-4.52 
-5.27 
2.37 
-5.39 
-6.89 
-7.59 
2.20 
-3.15 
-8.36 
-13.33 
10.17 
-4.37 
-7.77 
-11.70 
7.34 
TB-01 m 5 3 12* 2  6     
max 
mean 
min  
range 
-8.03 
-10.48 
-11.86 
3.84 
-5.52 
-5.93 
-6.59 
1.08 
-8.25 
-13.77 
-20.21 
11.95 
-7.43 
-9.32 
-11.21 
3.78 
 -7.26 
-8.71 
-9.42 
2.16 
    
TB-06 m 4 3 19 3 10 4 5 4 12 3 
max 
mean 
min 
range 
-8.32 
-10.36 
-11.63 
3.31 
-5.12 
-5.5 
-5.73 
0.60 
-8.87 
-13.75 
-20.40 
11.53 
-7.35 
-8.15 
-8.70 
1.35 
-4.61 
-6.78 
-9.35 
4.74 
-5.10 
-8.16 
-9.33 
4.23 
-2.36 
-4.27 
-5.68 
3.32 
-4.96 
-6.74 
-7.52 
2.56 
-3.75 
-7.54 
-12.67 
8.92 
-4.64 
-8.05 
-11.88 
7.24 
TB-07 m 5 3 18 3  6 4 4 11 5 
max 
mean 
min 
range 
-8.05 
-10.34 
-11.38 
3.33 
-5.12 
-5.38 
-5.5 
0.38 
-10.12 
-13.70 
-19.50 
9.38 
-6.97 
-7.95 
-8.50 
1.52 
 -4.84 
-7.91 
-9.63 
4.79 
-2.36 
-4.44 
-5.68 
3.32 
-4.96 
-6.74 
-7.52 
2.56 
-3.75 
-7.84 
-12.67 
8.92 
-4.25 
-6.87 
-10.86 
6.60 
TB-09 m 5 4 9* 3  4  3 4* 5 
max 
mean 
min 
range 
-7.79 
-10.65 
-12.03 
4.24 
-6.02 
-6.29 
-6.55 
0.53 
-8.93 
-13.51 
-15.30 
6.37 
-8.62 
-9.05 
-9.64 
1.03 
 -5.53 
-8.54 
-10.14 
4.61 
 -5.26 
-6.88 
-7.62 
2.36 
-5.06 
-9.06 
-13.28 
8.21 
-4.83 
-9.61 
-12.77 
7.94 
TB-10 m 5 3 5* 3 10 5 3 4 12 5 
max 
mean 
min 
range 
-8.13 
-10.60 
-11.80 
3.67 
-5.74 
-6.46 
-7.87 
2.13 
-8.88 
-13.36 
-17.33 
8.45 
-7.72 
-8.53 
-9.06 
1.34 
-5.30 
-7.45 
-9.56 
4.26 
-5.70 
-8.32 
-9.66 
3.97 
-3.16 
-4.83 
-6.21 
3.05 
-6.78 
-7.32 
-7.59 
0.81 
-5.35 
-7.40 
-9.72 
4.37 
-4.75 
-7.80 
-10.90 
6.14 
TB-11 m 5 4 13* 3 11 4 3 3 4* 4 
max 
mean 
min 
range 
-8.31 
-10.49 
-11.53 
3.21 
-5.28 
-6.07 
-7.51 
2.23 
-8.94 
-13.90 
-20.25 
11.31 
-7.19 
-8.05 
-8.64 
1.45 
-4.83 
-5.66 
-6.62 
1.79 
-5.46 
-8.46 
-9.87 
4.42 
-3.32 
-4.66 
-5.70 
2.38 
-5.06 
-9.06 
-13.28 
0.70 
-5.31 
-5.83 
-6.56 
1.25 
-4.51 
-7.36 
-11.83 
7.32 
TB-12 m 4 3 13* 2  6 3 4 9  
max 
mean 
min 
range 
-9.12 
-10.67 
-11.62 
2.51 
-6.11 
-6.65 
-7.69 
1.58 
-10.62 
-14.24 
-17.32 
6.70 
-7.97 
-8.38 
-8.80 
0.84 
 -5.32 
-8.79 
-10.00 
4.68 
-3.02 
-4.25 
-4.98 
1.96 
-6.19 
-7.01 
-7.43 
1.24 
 
-5.38 
-7.35 
-9.16 
3.78 
 
 
a 
b 
7.3 
7.4 
8.1 
12.8 
8.7 
21.7 
8 
8.8 
8.1 
11.3 
6.7 
0.5 
2.1 
-14 
7.3 
11.2 
7.7 
8.6 
8.4 
13.4 
MTR 
SR 
 
3.44 
0.34 
 
1.32 
1.31 
9.35 
0.39 
 
1.50 
1.37 
 
3.88 
1.79 
 
3.86 
0.88 
 
2.73 
0.57 
 
1.78 
0.57 
 
8 
1.71 
 
7.10 
2.74 
*Sampling inconsistency due to sampler malfunctioning or solid precipitation. 
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Table 3 The number of streamflow water samples (nS), the δ
18O [‰] of pre-event stream water (Cpe), and the 
maximum and minimum measured δ18O [‰] of streamwater for the ten different events in the three 
headwater catchments. 
Event 1 2 3 4 5 6 9 10 11 12 
WS04 Cpe  -10.50 -10.40  -10.70 -8.45 -8.50 -8.51 -8.96 -9.01 
ns  23 46  23 15 10 20 26 29 
Cs max 
Cs min 
 -9.59 
-10.53 
 
-10.40 
-12.94 
 
 -7.03 
-8.81 
 
-8.67 
-9.73 
 
-8.51 
-8.82 
 
-8.08 
-9.23 
 
-8.3 
-9.28 
 
-8.01 
-9.07 
           
WS10 Cpe -10.64  -10.42 -10.70 -9.43  -10.24 -9.79 -8.95 -9.75 
ns  24  53 24 35  8 10 20 23 
Cs max 
Cs min 
-10.35 
-10.79 
 
 -10.42 
-12.42 
 
-10.27 
-10.88 
 
-7.38 
-9.44 
 
 -8.40 
-10.24 
 
-8.27 
-8.75 
 
-8.17 
-9.52 
 
-8.65 
-9.76 
    
WS19 Cpe -10.46 -10.19 -10.26 -11.30 -9.10 -8.90    -8.79 
ns 24 23 54 24 34 13    22 
Cs max 
Cs min 
-9.80 
-11.04 
 
-8.92 
-10.46 
 
-10.26 
-14.32 
 
-10.35 
-10.89 
 
-6.82 
-8.54 
 
-8.55 
-8.75 
 
   -7.08 
-8.80 
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Table 4 The Pearson correlation coefficient for the relation between the weighted mean δ18O of rainfall and event 
total rainfall (Ptot.), maximum hourly rainfall intensity (Imax) or elevation (E) for the entire data set, 
individual transects (see Figure 1b for the location of the transects) or elevation zones (below and above 
1350 m a.s.l.).   --, -, o, + and ++ indicate a correlation of [-1 to -0.8], [-0.8 to -0.5], [-0.5 to 0.5], [0.5 to 0.8], 
and [0.8 to 1] respectively. Black and bold symbols indicate statistically significant correlations (p < 0.05). 
An asterisks (*) indicates no or limited (m < 3) data. 
event nr.  1 2 3 4 5 6 9 10 11 12 
Rainfall            
Ptot. Imax + + o ++ ++ o ++ + o + 
Ptot. E o o o o + o o o o -- 
Imax  E o o o o + - o o o o 
δ18O            
All P o o -- o + o o o + ++ 
 Imax o ++ - o + o o o o + 
 E -- -- o o o - o o o -- 
            
T1 P o o -- - -- + + o ++ ++ 
 Imax o + - - -- ++ o o ++ + 
 E -- -- o -- -- -- o o - -- 
            
T2 P ++ +  ++  o o o o o 
 Imax o ++ * ++ * + - ++ -- ++ 
 E -- --  -  -- + - ++ o 
            
E <1350 m a.s.l. P o + -- o ++ o ++ ++ ++ o 
Imax o ++ ++ o ++ o + + ++ o 
 E o - - o o - o o ++ o 
            
E >1350 m a.s.l. P o ++  --  --  o   
Imax
x 
- ++ * -- * -- * ++ * * 
 E o +  --  o  ++   
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FIGURES 
 
Figure 1  Map of the Zwäckentobel catchment with the WS04, WS10 and WS19 subcatchments, the location of the 
rain gauges, the rain samplers (the colors used for the different rain samplers are the same as in Figures 5, 9 
and 10) and the stream sampling locations (a), and the two different transcects of the rain samplers (T1 and 
T2) and the contourline of 1350 m a.s.l. (b) 
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Figure 2 The spatial distribution event total rainfall (Ptot. interpolated using inverse distance weighing) for the 
different events, with the 1-hour maximum rainfall intensity (symbol size) and the values of the weighted 
mean δ18O of rainfall (values) (a-j), the mean relative difference of event total rainfall (      , k) and the 
mean relative difference of the weighted mean δ18O of rainfall (        , l). The arrow indicates the 
direction of the main airmasses (similar to figure 3b), where the numbers indicate changes during the event,  
(in ≈ 12 hr periods). The rain gauge and samplers with the lowest MRD are highlighted in red in figures k 
and l. 
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Figure 3 The trajectories of the airmasses for each event (indicated by bold number and different colors) calculated 
96-h backwards using the HYSPLIT model (Draxler and Rolph, 2012) for the large scale (a) and regional 
scale (b), as well as the global meteoric water line (gray line) with all collected rainfall samples (gray circles) 
and streamwater samples for WG-01 with the linear regression line for each event (c). For the events 3 and 
5, the trajectories of airmasses were calculated for 12 hour periods after the event started (indicated by 
event number -  and the start of the 12 hour period). The dark green and ligth brown color in figure b 
indicate areas with elevations above 1350 m and below 1000 m respectively to highlight the complex 
topography) that affects the atmospheric flowpath.  
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Figure 4 The weighted mean δ18O of rainfall for each sampling location as a function of total rainfall amount (Ptot.), 
maximum rainfall intensity (Imax) and elevationt (E) for the different rainfall events (represented by the 
different colors). The top row shows the relations for the large events (> 30 mm) and the bottom row for 
small and medium events (< 30 mm). 
 
 
Figure 5 Mean temporal range (MTR, circles) and spatial range (SR, crosses) of δ
18
O in rainfall for each event as a 
function of mean total rainfall (Ptot.), mean 1-hour maximum rainfall intensity (Imax) and event duration (T). 
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Figure 6 Rainfall intensity at WG-01 (bars) and the δ18O of rainfall (5 mm increments) at the different rain samplers 
(circles) for the different events. 
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Figure 7 Spatial standard deviation of δ18O in rainfall for the different events as a fuction of the cumulative mean 
rainfall (Pmean tot.) for the small events (left column), the medium sized events (middle column) and the large 
events (right column). Note that the y-axis for the large events is different and that a small part of the 
differences in the isotopic composition of the rainfall across the catchment is caused by the small differences 
in the time during which each 5 mm sample was collected (see Figure 6). 
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Figure 8 Ratio of the mean temporal range (MTR) and the spatial range (SR) of δ
18
O in rainfall for each event as a 
function of mean event total rainfall (Ptot.), mean 1-hr maximum rainfall intensity (Imax) and event duration 
(T). The gray line represents a ratio of 1 (MTR is equal to SR). 
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Figure 9 The minimum fraction of pre-event water for WS04 (top row), WS10 (middle row) and WS19 (bottom row) 
calculated for the different weighing techniques (I-IV) to account for the temporal variation in the isotopic 
composition of rainfall and the nearest rain sampler to the catchment (TW), and calculated with the 
incremental intensity mean for the different rainfall sampling locations (SW, different colored circles). The 
results of the most representative rain sampler TB-11 is shown with an open circle. The colored horizontal 
line connects the results for the incremental intensity mean for the nearest rain sampler (WG-01 for WS04, 
TB-6 for WS10 and TB-10 for WS19). NP indicates that hydrograph separation was not possible. NA 
indicates that the event was not sampled. The events are shown in order of increasing rainfall amount (see 
Table 1). 
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Figure 10 The isotopic composition of rainfall sampled at WG-01 (dashed line) and the calculated event water 
composition from WG-01 based on the four different temporal weighing techniques (Ce technique I-IV, top 
row), stream water level (black line) and the fraction of pre-event water obtained for the four different 
temporal weighing techniques in WS04 (middle row), and the range in the pre-event water contribution to 
streamflow calculated using the incremental intensity mean for the the different rainfall sampling locations 
(shading, lower row), the nearest rain sampler (WG-01; filled circles) and the most representative rain 
sampler TB-11 (open circles) for event 3 (left column), 11 (middle column) and 2 (right column). 
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Figure 11 The range in the calculated minimum pre-event water contribution to streamflow for the different 
weighing techniques to account for the temporal variation in the isotopic composition of rainfall as a 
function of the ratio of the mean temporal range of δ18O (MTR) and the difference in the isotopic 
composition of event (Ce) and pre-event water (Cpe) (left panel), the range in the calculated minimum pre-
event water contribution to streamflow based on the intensity weighted mean for the different rain samplers 
as a function of the ratio of the spatial range in δ18O (SR) and the difference in the isotopic composition of 
event and pre-event water (middle panel), and the ratio between the range in the minimum pre-event water 
contribution due to the different temporal weighing techniques and the range in the minimum pre-event 
water concentration due to different rain sampling locations as a function of event total rainfall (Ptot., right 
panel) for WS04, WS10 and WS19 (black circles, open orange and open gray circles, respectively). The 
labels next to the symbol represents the event number. 
  
 spatial variability in rainfall and its isotopic composition was high and differed for each event 
 no relation between rainfall isotopic composition and rainfall characteristics or elevation 
 spatial variability in rainfall isotopic composition affected isotope hydrograph separation 
